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Summary
Background: Adaptive behavioral prioritization requires flex-
ible outputs from fixed neural circuits. In C. elegans, the prior-
itization of feeding versus mate searching depends on biolog-
ical sex (males will abandon food to search for mates, whereas
hermaphrodites will not) as well as developmental stage and
feeding status. Previously, we found that males are less at-
tracted than hermaphrodites to the food-associated odorant
diacetyl, suggesting that sensory modulation may contribute
to behavioral prioritization.
Results:We show that somatic sex acts cell autonomously to
reconfigure the olfactory circuit by regulating a key chemore-
ceptor, odr-10, in the AWA neurons. Moreover, we find that
odr-10 has a significant role in food detection, the regulation
of which contributes to sex differences in behavioral prioritiza-
tion. Overexpression of odr-10 increases male food attraction
and decreases off-food exploration; conversely, loss of odr-10
impairs food taxis in both sexes. In larvae, both sexes prioritize
feeding over exploration; correspondingly, the sexes have
equal odr-10 expression and food attraction. Food depriva-
tion, which transiently favors feeding over exploration in adult
males, increases male food attraction by activating odr-10
expression. Furthermore, the weak expression of odr-10 in
well-fed adult males has important adaptive value, allowing
males to efficiently locatemates in a patchy food environment.
Conclusions: We find that modulated expression of a single
chemoreceptor plays a key role in naturally occurring variation
in the prioritization of feeding and exploration. The conver-
gence of three independent regulatory inputs—somatic sex,
age, and feeding status—on chemoreceptor expression high-
lights sensory function as a key source of plasticity in neural
circuits.Introduction
Animals constantly integrate internal and external information
to guide the prioritization of innate behavioral programs
[1]. For example, prioritizing feeding is appropriate when
nutritional demands are high but might be maladaptive in a4Present address: Sophie Davis School of Biomedical Education, The City
College of New York, New York, NY 10031, USA
*Correspondence: douglas.portman@rochester.eduwell-fed animal that is vulnerable to predation. Although
long-term changes in behavioral choice can emerge from
structural modifications to neural circuitry, dynamic behavioral
changes involve functional remodeling of circuits by neuromo-
dulatory signals [2]. Central neurons that govern behavioral
programs are known to be important regulators of this state-
dependent plasticity. In addition, recent studies have found
that sensory systems are also subject to extensive modulation
[3], indicating that behavioral plasticity may rely on distributed
changes to multiple levels of neural circuits [4]. However, the
relative importance of sensory plasticity, the mechanisms by
which it is implemented, and its significance for behavioral
prioritization are not well understood.
Food availability and nutritional state are pervasive modula-
tors of behavioral prioritization. Interestingly, studies in several
systems have highlighted the importance of sensory systems
as the targets of nutrition-dependent neural plasticity. In the
medicinal leech, feeding animals disregard otherwise noxious
stimuli as a result of presynaptic inhibition of mechanosensory
cells by serotonin [5]. Similarly, monoamines and insulin-like
signaling modulate sensory behavior as a function of food
availability in C. elegans [6, 7]. In Drosophila, food deprivation
brings about increased sensitivity to nutrients through pepti-
dergic and dopaminergic modulation of olfactory and gusta-
tory function [8, 9], whereas in mammals, ghrelin, leptin, insu-
lin, and endocannabinoids modulate olfactory sensitivity in
response to feeding status [10–12].
Biological sex also has a central role in regulating behavioral
state. Recent work in several systems has shown that sex-
specific modulation of shared circuits is likely to underlie
many of these differences [13]. In C. elegans, sex differences
in chemosensory behavior are regulated at least in part
through functional modulation of common circuitry [14–16],
and in Drosophila, regulation of homologous circuits underlies
sex differences in aspects of pheromone response and court-
ship behavior [17, 18]. Even in rodents, sex differences in sen-
sory function may contribute to sex-typical patterns of sexual
behavior [19, 20]. However, the mechanisms whereby sexual
state modulates neural circuit function remain generally un-
known [21], and the integration of sexual state with other
internal cues is not well understood.
The C. elegans nervous system, despite its anatomical
simplicity, is subject to extensive functional modulation [22].
This species features two sexes, a self-fertile hermaphrodite
(essentially, a modified somatic female) and a male. Each sex
exhibits sex-specific behaviors (e.g., egg laying and copula-
tion); additionally, sharedbehaviors suchasolfaction [14], loco-
motion [23], associative learning [24], and exploration [25] also
exhibit sex differences [26]. In particular, whereas a small food
patchwill efficiently retainanadult hermaphrodite, solitaryadult
males will frequently leave food to explore their environment.
Because this exploration is suppressed by the presence of
a mate, it is considered a mate-searching behavior [25]. This
behavioral choice also depends on developmental stage (sexu-
ally immature larvalmalesdonotengage inmatesearching) and
feeding status (transient starvation leads to the temporary rep-
rioritization of feeding over mate-searching behavior) [25].
Although input frommale-specific neurons and peptide signals
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Figure 1. Genetic Sex Acts in AWA to Modulate Sensory Function
(A) Attraction of hermaphrodites (red) and males (blue) to diacetyl (1:100).
Mutations in odr-7 and ceh-36 were used to disrupt the function of AWA
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2510are important for generating themale exploratory drive [27, 28],
the neural effectors of this feeding versus exploration decision
are unknown, as are themechanisms bywhichmultiple internal
variables modulate this decision.
Previously, we found strong sex differences in attraction to
diacetyl [14], an olfactory stimulus proposed to represent a
food signal [29]. Here, we show that these behavioral differ-
ences arise from cell-autonomous regulation of the diacetyl
receptor ODR-10 [30] by theC. elegans sex determination hier-
archy. Moreover, we find that the downregulation of odr-10 in
adultmales facilitates exploration over feeding. odr-10 expres-
sion is also regulated by developmental and nutritional signals
that influence male behavioral prioritization, and upregulation
of odr-10 in males by starvation is necessary for starvation-
induced increase in food attraction. Together, these results
identify a neural and genetic mechanism that guides adaptive
behavioral prioritization through the dynamic modulation of
chemoreceptor expression and sensory function.
Results
Genetic Sex Modulates Sensory Response in the AWA
Olfactory Neurons
C. elegans adults exhibit pronounced sex differences in olfac-
tory behavior. Whereas some stimuli, such as pyrazine and
2-butanone, elicit strong attraction in both sexes, attraction
to the odorant diacetyl is much stronger in hermaphrodites
than in males [14]. To understand the neural basis for this
difference, we asked whether both sexes use the same cir-
cuitry to detect diacetyl. In hermaphrodites, this compound
is sensed primarily by the AWA olfactory neuron pair [29],
with a secondary contribution at high concentration from
the AWC neurons [31]. However, the weak attraction of males
to diacetyl depended only on AWC: genetic ablation of AWA
function [32] had no effect on male diacetyl attraction,
whereas genetic ablation of AWC [33] eliminated it (Figure 1A).and AWC, respectively [32, 33]. Four independent experiments were per-
formed for a total of n = 275, 296, 219, 117, 205, 236, 102, and 116 in each
group (left to right). One-way ANOVA with Bonferroni correction was
used; asterisks indicate post hoc comparisons with controls (**p < 0.01,
***p < 0.001). Error bars indicate SEM.
(B–E) Diacetyl-pyrazine olfactory preference [14] in wild-type and transgenic
hermaphrodites (red) and males (blue). +1 indicates a strong preference for
diacetyl (da), whereas 0 indicates no preference, and 21 indicates a strong
preference for pyrazine (py). The plus sign (+) indicates the presence of
sex-reversal transgenes. Groups were compared with unpaired, two-tailed
t tests; asterisks indicate statistically significant comparisonswithwild-type
controls. Error bars indicate SEM.
(B) Pan-neural masculinization (Prab-3::fem-3) (data from [14]). Five inde-
pendent experiments were performed for a total of n = 188, 175, 205, and
190 responders in each group (left to right) (hermaphrodites: p < 0.0001;
males: p = 0.42).
(C) AWA-specific masculinization (Podr-7::fem-3). Seven independent ex-
periments were performed for a total of n = 231, 82, 298, and 44 responders
per group (left to right) (hermaphrodites: p < 0.0001; males: p = 0.19).
(D) Pan-neural feminization (Prab-3::tra-2(IC)). Five independent experi-
ments were performed for a total of n = 321, 178, 245, and 111 responders
per group (left to right) (hermaphrodites: p = 0.81; males: p = 0.0002).
(E) AWA-specific feminization (Podr-7::tra-2(IC)). Four independent experi-
ments were performed for a total of n = 95, 81, 84, and 52 responders per
group (left to right) (hermaphrodites: p = 0.23; males: p = 0.032).
(F) Imaging of calcium transients evoked by diacetyl (1:10,000) in AWA using
Pgpa-4::GCaMP3 in wild-type and transgenic hermaphrodites and males.
Gray shading indicates the diacetyl pulse. Individual recordings are shown
in gray; the average DF/F0 across the population is superimposed in red
(hermaphrodites) or blue (males).
See also Figure S1.
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Figure 2. The Diacetyl Chemoreceptor ODR-10 Is
Regulated by AWA Genetic Sex
(A) Chemotaxis to diacetyl (1:100) in wild-type and
odr-10(ky225) hermaphrodites (red) and males
(blue). Four independent experiments were per-
formed with a total of n = 113, 183, 96, and 97
per group (left to right). Unpaired two-tailed t tests
were employed to determine significance; aster-
isks indicate comparisonswith wild-type controls
(hermaphrodites: p = 0.044; males: p = 0.42). Error
bars indicate SEM.
(B) Representative examples of ODR-10::GFP
(kyIs53) fluorescence in a wild-type hermaphro-
dite, wild-type male, AWA-masculinized (Pgpa-
4D6::fem-3) hermaphrodite, and AWA-feminized
(Pgpa-4D6::tra-2(IC)) male. All images were ac-
quired using the same illumination intensity and
exposure time. White dashes indicate the outline
of the body.
(C) Quantitation of ODR-10::GFP expression.
Fluorescence intensity was binned into four cate-
gories, as indicated with the investigator blinded
to genotype. Experiments were performed on a
total of n = 96, 52, 73, 97, 57, and 52 animals per
group (left to right) over the course of at least
four independent sessions. Kruskal-Wallis with
Dunn’s multiple comparisons tests were used to
determine significance (***p < 0.001).
(D) Diacetyl (1:1,000) chemotaxis in hermaph-
rodites (red) and males (blue), comparing
wild-type adults to odr-10(ky225) mutants (odr-10(–)) and odr-10(ky225) mutants carrying Pgpa-4D6::odr-10(+) (odr-10ON). Four independent exper-
iments were performed for a total of n = 124, 131, 97, 119, 120, and 104 in each group (left to right). Two-way ANOVA with Tukey’s multiple com-
parisons tests were employed to determine significance; asterisks indicate post-test comparisons with odr-10 mutants (***p < 0.001). Error bars
indicate SEM.
See also Figure S2.
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2511AWA is not simply dormant in males because this neuron is
essential for pyrazine attraction in both sexes (Figure S1A
available online). Thus, genetic sex functionally reconfigures
the diacetyl circuit, such that hermaphrodites rely on two sen-
sory neurons to sense this compound, whereas males use
only one.
To determine how genetic sex modulates the olfactory cir-
cuit, we took advantage of the strong sex difference in the
response of C. elegans adults to opposing sources of diacetyl
and pyrazine [14]. Previously, we used sexually mosaic ani-
mals to show that this sex difference was a function of
the sexual state of the nervous system [14]. Pan-neural
genetic masculinization via expression of FEM-3 [34], a spe-
cific inhibitor of the master feminizing factor TRA-1 [35],
strongly masculinized olfactory behavior [23] (Figure 1B). To
determine whether genetic sex acts in the AWA neurons
themselves, we expressed FEM-3 in these cells using an
AWA-specific promoter [32]; this resulted in stronglymasculin-
ized olfactory behavior (Figure 1C). To genetically feminize the
male nervous system, we used TRA-2IC [34], a specific acti-
vator of TRA-1. Both pan-neural and AWA-specific TRA-2IC
expression significantly feminized male olfactory behavior
(Figures 1D and 1E). AWA sex reversal also significantly sex
reversed diacetyl attraction in single-odorant assays (Fig-
ure S1B). Thus, sex differences in diacetyl attraction stem, at
least in part, from the cell-autonomous modulation of AWA
by sexual state.
We recorded diacetyl-evoked activity in AWA by using the
calcium sensor GCaMP3 [36] to ask whether sexual state
regulates AWA physiology. In hermaphrodites, diacetyl trig-
gered a robust, transient calcium increase in AWA (Figures
1F and S1C). However, most (8 out of 10) males exhibited nodetectable response to diacetyl (Figures 1F and S1C). Again,
AWA-specific sex reversal largely reversed this response:
AWA-masculinized hermaphrodites had significantly reduced
calcium transients, whereas AWA feminization enabled strong
diacetyl responses in all males tested (Figures 1F and S1C).
Together, these results indicate that the genetic sex of AWA
acts cell autonomously to determine its sensory properties.
SensoryBehavior IsModulated by Sexual Regulation of the
Diacetyl Chemoreceptor ODR-10
In hermaphrodites, the diacetyl sensitivity of AWA (but not
AWC) is conferred by ODR-10, a seven-transmembrane
chemoreceptor that localizes to AWA’s sensory cilia and is
thought to directly bind diacetyl [30]. Consistent with the
diacetyl insensitivity of AWA in males, odr-10(ky225) null
mutant males had no defect in diacetyl attraction (Figure 2A).
Therefore, we examined odr-10 expression using the transla-
tional GFP reporter kyIs53 [30]. As expected, we observed
clear ODR-10::GFP expression in nearly all adult hermaphro-
dites; however, expression was undetectable in most adult
males (Figures 2B and 2C), indicating that odr-10 may be a
target of sexual regulation. To rule out potential artifacts
arising from the X linkage of kyIs53, we generated fsEx295,
an extrachromosomal, fosmid-based ODR-10::GFP trans-
gene. fsEx295 hermaphrodites showed strong, AWA-specific
expression, whereas expression in males was very weak
(Figure S2A). With both reporters, GFP expression remained
AWA specific in unusual males in which it was detectable. By
quantitative RT-PCR (qRT-PCR), we found that odr-10 mRNA
abundancewas roughly 6-fold lower inmales than in hermaph-
rodites (Figure S2B). Further, expression of a transcriptional
Podr-10::GFP reporter (kyIs37) [30] was significantly higher in
Current Biology Vol 24 No 21
2512hermaphrodites than in males (Figure S2C), indicating that the
sexual regulation of odr-10 occurs primarily at the transcrip-
tional level.
This sex difference in odr-10 expression depended largely
on AWA genetic sex. AWA-specific masculinization resulted
in a significant decrease in hermaphrodite ODR-10::GFP
expression, whereas AWA feminization was sufficient to bring
about hermaphrodite-like expression levels in males (Figures
2B and 2C). Because the effects of AWA masculinization on
odr-10 expression are incomplete, non-cell-autonomous sig-
nals might be important for the full extent of sex differences
in AWA. Nevertheless, these results indicate that the genetic
sex of AWA influences sensory behavior by regulating chemo-
receptor expression.
To determine whether providing odr-10 function would be
sufficient to allow males to respond to diacetyl, we expressed
wild-type odr-10 under the control of Pgpa-4D6, an AWA-spe-
cific promoter that shows no significant sex differences (see
Figure S5 below). This transgene (‘‘odr-10ON’’) rescued diace-
tyl attraction in odr-10mutant hermaphrodites; moreover, odr-
10ON conferred robust diacetyl attraction in males (Figure 2D).
Thus, plasticity in odr-10 expression is both necessary and
sufficient to generate sex differences in diacetyl chemotaxis.
Sexual Regulation of AWA and odr-10 Modulates Feeding
Behavior
Diacetyl is produced by a variety of microorganisms, including
lactic acid bacteria, some of which are known to be suitable
food sources for C. elegans [37]. Thus, diacetyl attraction in
C. elegans is thought to reflect an innate food-seeking drive
[29]. Given the propensity of C. elegans males to spontane-
ously leave food to search for mates [25], we hypothesized
that the low expression of odr-10 in males might help promote
exploratory behavior by attenuating the perception of food.
To test this possibility, we first used the food-leaving assay
[25]. We found that odr-10ON males and AWA-feminized males
exhibited significantly reduced food-leaving behavior (Figures
3A and 3B). Conversely, odr-10(ky225) null mutant hermaphro-
dites showed significantly increased off-food exploration (Fig-
ure 3C). Consistent with the low expression of odr-10 in wild-
type adult males, odr-10(ky225) males exhibited no increase
in food leaving (Figure 3D). Notably, both odr-10ON and
AWA-feminized males continued to exhibit significant explor-
atory behavior, indicating that other male-specific exploratory
drives [27, 28] likely act in parallel with AWA modulation.
Together, these results demonstrate that AWA and odr-10
are important regulators of male behavioral prioritization.
These results also indicated that ODR-10 may have a sub-
stantial role in food detection. To test this more directly, we
placed single animals 3 cm from a small patch of E. coli
OP50, the standard C. elegans laboratory diet, and measured
their latency to arrive at the food. Wild-type adult hermaphro-
dites migrated to the food patch with a median latency of
roughly 30 min. In contrast, males took significantly longer
(Figure 3E): fewer than 50% of males located the food within
60 min, even though their locomotor speed is significantly
higher than that of hermaphrodites [23]. Thus, males are less
attracted to food than hermaphrodites, indicating that the
reduced perception of food could be an important component
of sexually motivated male exploration.
Several findings indicated that odr-10 has an important role
in sex differences in food attraction. First, we found that
equalization of odr-10 expression with the odr-10ON transgene
eliminated sex differences in food attraction (Figure 3F).Consistent with this, odr-10(ky225) hermaphrodites showed
significantly reduced food attraction (Figure 3G) but had no
change in body-bend frequency (Figure S3A). Unexpectedly,
odr-10(ky225) males also had marked defects in food taxis
(Figures 3G and S4A), indicating that the low level of odr-10
expression in males is still important for behavior. Notably, a
sex difference in food taxis persists in odr-10(ky225) animals
(Figure 3G, p < 0.001), suggesting that other food-detection
mechanisms (e.g., [38–40]) also differ by sex.
Supporting these interpretations, we obtained similar re-
sults using odr-10(ky32), an independently isolated odr-10
allele (Figures S3B and S3C). odr-10 was also important
for the detection of E. coli HT115, a strain distantly related
to OP50 (Figure S3D). odr-10 mutants exhibited normal
chemotaxis to pyrazine (Figures S3E and S3F), butanone,
and 2,3-pentanedione [30], ruling out general sensory defects.
Neuron-specific [41] odr-10(RNAi) beginning in L3–L4 larvae
impaired both diacetyl and food attraction (Figures S3G and
S3H), indicating that these sensory phenotypes do not result
from an early developmental function of odr-10.
To further characterize the role of odr-10 in food-search
behavior, we tracked the position of individuals at 7 min inter-
vals during the course of the food-search assay. Whereas
most wild-type animals reached the food within the first few
intervals, odr-10 mutants exhibited relatively undirected loco-
motion and remained near the start point, reminiscent of the
area-restricted search behavior that C. elegans exhibits upon
removal from food [42] (Figure S4A). To find out whether the
apparent defects of odr-10 mutants in the food-search assay
might simply be secondary to reduced exploration, we deter-
mined the orientation of worm movement with respect to the
food spot during each 7 min interval and binned these accord-
ing to the distance from the food at the beginning of that inter-
val. We found that most wild-type animals moved toward the
food at essentially all regions of the plate (Figure S4B). How-
ever, odr-10 mutants exhibited significantly less food-biased
locomotion, particularly in regions farther from the food (Fig-
ure S4B). Together, these results indicate that odr-10mutants
have specific defects in the ability to sense food-derived
chemical cues.
We also found that the genetic sex of AWAwas important for
sex differences in feeding behavior: AWA-specific masculini-
zation significantly increased hermaphrodites’ latency to find
food without an effect on locomotion rate (Figures 3H and
S3I).However, the reciprocalmanipulation, AWA-specific femi-
nization, did not detectably increase the efficiency of male
food-search behavior (Figures 3H and S3J). Although the rea-
sons for this are unclear, this result might indicate that femini-
zation disrupts other properties of AWA that are important for
food detection in males. It also suggests that the sexual state
of AWA acts in parallel with exploratory drives promoted by
the male tail sensory rays and PDF neuropeptide signaling
[27, 28] to determine the animal’s behavioral program.
Age and Feeding Status Also Converge on odr-10
Behavioral prioritization in C. elegans males is also regulated
by developmental stage and feeding status: larval males do
not exhibit food-leaving behavior, and starved adult males
transiently reprioritize feeding over exploration [25]. Therefore,
we asked whether these aspects of internal state might also
regulate odr-10. We found that sex differences in odr-10
expression during development correlated with behavioral
prioritization: L3 larval males and hermaphrodites expressed
roughly equal levels of ODR-10::GFP, with sex differences
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Figure 3. odr-10 Regulates Behavioral Prioriti-
zation
(A–D) Food-leaving behavior of animals of the
indicated sex and genotype. ‘‘Ctrl’’ indicates con-
trol animals (Pgpa-4D6::GFP), ‘‘o-10ON’’ indicates
odr-10ON, and ‘‘AWAf’’ indicates AWA-feminized
(Pgpa-4D6::tra-2(IC)) males. Individuals were
placed on a small food spot, and track patterns
were scored at the indicated times. ‘‘Never left
food’’ indicates the absence of tracks outside
the food spot. ‘‘Minor excursion’’ indicates that
tracks were observed not beyond 1 cm from the
food. ‘‘Major excursion’’ indicates the presence
of tracks past the 1 cm boundary. Each data point
shows data pooled from 37–50 animals, tested
over 3–4 separate days. Asterisks indicate statis-
tically significant differences compared to control
or wild type by chi-square test (***p < 0.001; **p <
0.01; *p < 0.05).
(E) Food-search behavior in adult hermaphrodites
(red, n = 140) and males (blue, n = 143). Data are
pooled from 12 assays. p < 0.001.
(F) Food-search behavior of odr-10(ky225); Ex
[Pgpa-4D6::odr-10(+)]males and hermaphrodites
(blue, n = 50 and red, n = 48, respectively). Assays
were performed for five independent sessions,
with at least eight animals per group. p > 0.05.
(G) Food-search behavior of wild-type and odr-
10(ky225) null mutants. Assays were performed
for five independent sessions; n = 49 or 50 for
each group. p < 0.001 for wild-type versus
odr-10(ky225) in each sex.
(H) Food-search behavior of wild-type and AWA-
specific sex-reversed strains (Pgpa-4D6::fem-3
hermaphrodites and Pgpa-4D6::tra-2(IC) males).
Assays were performed for four independent
sessions; n = 47–50 for each group. p < 0.05 for
wild-type versus AWA-masculinized hermaphro-
dites. p > 0.05 for wild-type versus AWA-femi-
nized males.
Error bars in (F)–(H) indicate SE. See also Figures
S3 and S4.
Chemoreceptor Expression and Behavioral Choice
2513beginning to appear in L4, but not manifesting fully until
adulthood (Figure 4A). Correspondingly, we observed no sex
differences in the ability of L3 animals to locate food or chemo-
tax to diacetyl (Figures 4B and 4C). Together, this suggests
that odr-10 contributes to age-dependent changes in behav-
ioral choice.
With respect to nutritional status, we found that 18 hr of food
deprivation significantly increasedODR-10::GFP expression in
males, although it had no detectable effect in adult hermaph-
rodites (Figure 5A). Starvation induced only a slight decrease
in expression of the control marker Pgpa-4D6::GFP in both
sexes, confirming the specificity of this effect (Figure S5).
Moreover, food deprivation did not influence food search
in hermaphrodites but significantly increased its efficiencyin males (Figure 5C). This increase
was completely dependent on odr-10
because food deprivation had no effect
on the behavior of odr-10 mutant males
(Figure 5D). Finally, the starvation-
induced increase in odr-10 expression
was reversible: after refeeding starved
males for 24 hr, ODR-10::GFP fluores-
cence returned to levels found in
continuously fed animals (Figure 5B).
Together, these findings establish odr-10 as a regulatory node that integrates genetic sex, develop-
mental stage, and metabolic demands to influence feeding
behavior.
Adult-Specific Repression of odr-10 Is Important for Male
Reproductive Fitness
To determine whether the low expression of odr-10 in well-fed
adult males is an adaptation that promotes mate searching
over feeding, we examined reproductive fitness in a setting
in which males were required to navigate through a patchy
food environment in order tomate (Figure 6A). Individual males
were placed on small food patches around the edge of a 10 cm
culture plate, and four paralyzed adult hermaphrodites were
placed on a small food patch at the center. Between the males
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Figure 5. Starvation Transiently Upregulates odr-10 to Increase Male Food
Attraction
(A) ODR-10::GFP (kyIs53, n = 40 per group). Animals were removed from
food 18–24 hr before imaging. Data were collected during at least two inde-
pendent sessions. ***p < 0.001 by Mann-Whitney test.
(B) ODR-10::GFP fluorescence inwell-fed (n = 19), starved (n = 37), and refed
(n = 38) adult males, binned into four groups by intensity. Experiments were
performed over the course of 4 days, and data were analyzed by Kruskal-
Wallis with Dunn’s multiple comparisons test (***p < 0.0001 in post-test
comparisons).
(C and D) Data were analyzed as in Figures 3E–3H.
(C) Food-search behavior in well-fed (solid red line, n = 49) and starved
(dotted red line, n = 52) wild-type adult hermaphrodites (p = 0.84) and in
well-fed (solid blue line, n = 50) and starved (dotted blue line, n = 58) wild-
type adult males (p = 0.043).
(D) Food-search behavior in well-fed (solid red line, n = 50) and starved
(dotted red line, n = 57) odr-10(ky225) adult hermaphrodites (p = 0.084)
and in well-fed (solid blue line, n = 50) and starved (dotted blue line, n =
57) odr-10(ky225) adult males (p = 0.14).
Error bars indicate SE. See also Figure S5.
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Figure 4. odr-10 Expression and Chemosensory Behavior Are Sexually
Isomorphic in Larvae
(A) ODR-10::GFP (kyIs53) fluorescence binned into four groups in L3 (her-
maphrodite: n = 27; male: n = 23), L4 (hermaphrodite: n = 36; male: n =
27), and adult animals (hermaphrodite: n = 12; male: n = 20). Data were
collected during two independent sessions and analyzed by Mann-Whitney
tests (L3 hermaphrodite versus male: p = 0.87; L4: p = 0.0020; adult: p <
0.0001).
(B) Diacetyl (1:100) chemotaxis in L3 animals (hermaphrodites: red, n = 127;
males: blue, n = 134). Data are pooled from four independent experiments. p
> 0.05 by unpaired, two-tailed t test. Error bars indicate SEM.
(C) Food-search behavior in L3 animals (hermaphrodites: red, n = 48; males:
blue, n = 46). Data are pooled from three independent experiments. p = 0.87
by log rank (Mantel-Cox) test. Error bars indicate SE.
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2514and the hermaphrodites was a ‘‘barrier’’ ring of food. Control
(Pgpa-4D6::GFP) and odr-10ON males were placed in alter-
nating spots at the edge of the plate and allowed to feed,
explore, and mate for 18 hr. Two days later, the paternity of
cross-progeny was scored to determine male reproductive
fitness. We found that odr-10ON males sired far fewer progeny
than their control competitors did (Figure 6B). To control for
potential effects of odr-10ON on copulatory behavior itself,
we carried out parallel experiments in which males were
placed directly in the center spot along with hermaphrodites.
In this setting, odr-10ON males sired nearly as many progeny
as control males (Figure 6B); the small advantage of control
males in this assay may indicate an unexpected requirement
for AWA in male mating behavior. Together, these results
indicate that the impaired fitness of odr-10ON males in the
foraging versus mating setting results primarily from a her-
maphrodite-like prioritization of feeding over exploration.
To evaluate this interpretation, we tracked the position of in-
dividual males in the behavioral arena over several hours.
Whereas many control males migrated to the center mating
spot during this time, nearly all odr-10ON males remained in
the peripheral spots or in the barrier ring (Figure 6C). This
reduced exploratory behavior was not a consequence ofreduced locomotor speed because on-food body-bend rate
did not differ significantly between control and odr-10ONmales
(Figure S3J). Reduced exploration was also unlikely to result
from reduced attraction to hermaphrodites because odr-10ON
had no effect onmale attraction to hermaphrodite-conditioned
media (Figure S6). Thus, increasing odr-10 expression in adult
males is sufficient to shift behavioral prioritization away from
mate searching and toward feeding. AWA feminization had
similar effects on male behavior: these animals exhibited
significantly less exploratory behavior than control males did,
although their locomotor rate was unaffected (Figures 6D and
S3L). Thus, the repression of odr-10 in adult males has impor-
tant adaptive value for reproductive fitness, allowing animals to
prioritize sexually motivated exploration over feeding.
Discussion
In order to generate flexible behaviors, fixed neural circuits
must integrate multiple internal states. Here, we find that
genetic sex, developmental stage, and feeding status regulate
the adaptive prioritization of C. elegans behavior through dy-
namic modulation of food sensitivity of a single pair of sensory
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Figure 6. odr-10 Downregulation Optimizes Male
Reproductive Fitness
(A) The reproductive fitness assay. Twelve small
food patches were placed at the edge of a 9 cm
culture plate; control (Pgpa-4D6::GFP) and odr-
10ON males were placed in alternating spots. In
the center, four paralyzed unc-31 adult her-
maphrodites were placed in a small food spot.
A ring-shaped barrier food patch was seeded
in between the center spot and the peripheral
spots. Males were allowed to feed, explore,
and mate for 18 hr and were then removed
from the plate. Two days later, the paternity of
cross-progeny was determined using genetic
markers.
(B) Relative male reproductive fitness. The rela-
tive reproductive fitness of odr-10ON males was
defined as the fraction of total cross-progeny
that they sired. ‘‘Feeding vs. Mating’’ indicates
that males were placed at the peripheral spots
at the beginning of the assay. ‘‘Mating Only’’ in-
dicates that males were placed at the center
spot along with the unc-31 hermaphrodites; in
this case, exploration was not necessary for
males to find mates. Two independent experi-
ments were performed with a total of nine plates
per group. Each plate contained six odr-10ON
and six control males, and the paternity of >50
cross-progeny was scored for each plate. The
difference in odr-10ON male reproductive fitness
between the ‘‘Feeding vs. Mating’’ and ‘‘Mating
Only’’ conditions was evaluated using an unpaired two-tailed t test (p = 0.0002). Error bars indicate SD.
(C) Exploratory behavior of control (Pgpa-4D6::GFP) (n = 30) and odr-10ON (n = 30) males. The positions of individual males on the assay plate were scored at
the indicated intervals. The behavior of control and odr-10ON males was compared with Mann-Whitney tests (2 hr: p = 0.0012; 4 hr: p = 0.0038).
(D) Exploratory behavior of control (Pgpa-4D6::GFP) (n = 30) and AWA-feminized (Pgpa-4D6::tra-2(IC)) (n = 30)males. The behavior of control and AWA-femi-
nized males was compared with Mann-Whitney tests (7 hr: p = 0.012).
See also Figure S6.
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2515neurons. Furthermore, this modulation occurs through regula-
tion of a single key chemoreceptor, ODR-10. Our results pro-
vide important support for the idea that changes in behavioral
choice can be mediated not only by the modulation of central
circuits but also by the tuning of sensory function itself. In
several systems, sensory neuron physiology has been shown
to be plastic, particularly in response to food or feeding
behavior [3]. In these cases, presynaptic modulation alters
the excitability or synaptic output of sensory neurons to alter
chemosensory responses. In contrast, our findings identify dy-
namic chemoreceptor expression as an additional mechanism
by which such presynaptic changes can occur. Indeed, previ-
ous studies have found that chemoreceptor expression in
C. elegans is regulated by internal and external cues [43, 44];
however, the functional significance of this regulation has
been unclear. This level of plasticity may be particularly valu-
able in C. elegans: because chemosensory neurons in this
species respond to many stimuli and express many candidate
chemoreceptors [45], dynamic chemoreceptor expression can
provide a degree of specificity beyondmodulation of the entire
neuron. Interestingly, chemoreceptors in other systems are
also regulated by feeding status and developmental stage
[3], indicating that similar mechanisms could also play key
roles in sensory and behavioral plasticity in more-complex
organisms.
At first glance, modulation of chemoreceptor expression
seems quite distinct from the synaptic modulation mecha-
nisms that are hallmarks of circuit plasticity [2]. However,
an important feature of this plasticity, particularly in long-
term potentiation and long-term depression paradigms, isthe regulated expression and localization of neurotrans-
mitter receptors, including both ionotropic and metabo-
tropic receptors. Like chemoreceptors, the latter of these
are G-protein-coupled receptors. Because the sensory end-
ings of chemosensory neurons have intriguing structural and
functional similarities to postsynaptic specializations [46], it
is possible that regulated chemoreceptor expression em-
ploys mechanisms that are also important for modulating
postsynaptic function. Indeed, it may be that this ‘‘zeroth’’
sensory synapse, in which environmental signals substitute
for neurotransmitters, is subject to as much plasticity as
any other.
To our knowledge, these findings represent the first identifi-
cation of a food-associated chemoreceptor in C. elegans.
Although the role of odr-10 in attraction to diacetyl has been
extensively studied, a function for this receptor in food
detection has not been described. Our results show that the
loss of odr-10 function significantly compromises food-search
behavior in both sexes without more generally disrupting sen-
sory behavior. AlthoughODR-10 is known to directly recognize
diacetyl, behavioral and imaging experiments suggest that
ODR-10 can also detect other compounds [47, 48]. This im-
plies that diacetyl or another ODR-10 ligand is produced by
E. coli and that this signal is an important cue by which
C. elegans detects food. Interestingly, odr-10 is under signifi-
cant purifying selection [49], suggesting that stability in its
function is important for fitness. In hermaphrodites, significant
food attraction is still intact in odr-10 null mutants, consistent
with findings that other sensory neurons have important roles
in food detection (e.g., [38–40]). Interestingly, we find that loss
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2516of odr-10 has more severe consequences for male behavior,
suggesting that odr-10-independent food detection is less
robust in males than in hermaphrodites. This may reflect a
need for the male to devote significant chemosensory re-
sources to the detection of sex pheromones, a signal less
important for hermaphrodites themselves. Indeed, AWA has
been implicated in the male response to factors secreted by
hermaphrodites [15].
In adult males, tonic signals from the rays (sex-specific tail
sensilla) are thought to activate the male exploratory drive
[27], as aremodulatory signals transduced by the PDFR-1 neu-
ropeptide receptor [28]. One interesting possibility is that
male-specific downregulation of odr-10 acts in parallel with
this mechanism, allowing the efficient release of exploratory
behavior that is driven by male-specific signals. However, it
is also possible that odr-10 has a role in implementing the
exploratory state downstream of the rays and/or PDFR-1
signaling.
Notably, our findings reveal that odr-10 expression is regu-
lated by developmental stage and feeding state, in addition
to genetic sex. These three mechanisms might converge on
odr-10 independently; alternatively, there could be interaction
between these signals upstream of odr-10. Because AWA-
specific manipulation of TRA-1A, the master regulator of so-
matic sex inC. elegans, is sufficient to alter odr-10 expression,
genetic sex acts cell autonomously to regulate this sex differ-
ence. However, TRA-1A is unlikely to regulate odr-10 directly
because this factor is thought to be a transcriptional repressor
[35], and no strong matches to the TRA-1A consensus binding
site exist in the vicinity of odr-10 [50]. Thus, one or more un-
known factors likely act downstream of TRA-1 to regulate
odr-10. With regard to regulation by feeding state, mono-
amines appear to be dispensable for odr-10 regulation (data
not shown). Other potential candidates for this signal could
be insulins, other neuropeptides, or the TGFb-family ligand
DAF-7. Developmental signals that control the timing of odr-
10 downregulation in males are unlikely to be driven by signals
from the gonad [14]. However, heterochronic genes, which
mediate the larval-to-adult transition in somatic tissues, may
play a role in this process. Understanding how these multiple
dimensions of internal state regulate odr-10 remains an impor-
tant area for future work.
In humans, many studies have found superior olfactory acu-
ity in females [51]. Human olfactory perception is also strongly
influenced by nutritional state: classic studies show that a pre-
viously attractive odor becomes less appealing after caloric
intake [52]. Thus, state-dependent behavioral prioritization
through modulation of the perception and hedonic value of
olfactory stimuli is likely to be a common theme across species
[53]. Our results indicate that regulation of chemoreceptor
expression itself could be an important mechanism by which
this occurs. Sex differences in the AWA neurons also provide
an outstanding opportunity to understand how the genetically
encoded sexual state of the specific neurons influence their
development and function, a mechanism that is emerging as
a critical dimension of neural plasticity throughout the animal
kingdom [21].Experimental Procedures
C. elegans Strains
Strains used are shown in Table S1. Except where noted otherwise, all
strains contained him-5(e1490) to increase the production of males by
self-fertilization.GFP Quantitation
One-day-old adults (sex segregated as L4 larvae) were mounted on 4%
agarose pads in levamisole solution; epifluorescence was observed using
a 633 PlanApo objective on a Zeiss Axioplan. Because sensory cilia
are complex 3D structures, computer-aided quantitation of fluorescence
intensity was not feasible.With the investigator blinded to genotype, GFP in-
tensity in the AWA sensory cilia (or throughout the cell, for the Podr-10::GFP
reporter) was qualitatively assessed using the following rating scale: absent
(0), faint (1), moderate (2), or bright (3). Nonparametric tests were used to
compare groups (see Supplemental Experimental Procedures).
Behavioral Assays
Odortaxis and olfactory preference assays were carried out as described
[14, 29], except that worms within 2 cm of the odorant were scored as re-
sponders. To assay food-search behavior, we placed animals 3 cm from a
spot of E. coli OP50, and their positions were scored at 15 min intervals
(see Supplemental Experimental Procedures). Curves were generated
with the Kaplan-Meier method and compared using the log rank (Mantel-
Cox) test. Food-leaving assays were carried out as described [25], with
behavior scored using three categories (see legend for Figure 3). Investiga-
tors were blinded to genotype; statistical significance was assessed using
the chi-square test. Body-bend analysis was carried out as previously
described, with minor modifications (see Supplemental Experimental Pro-
cedures). The reproductive fitness assay is described in the Results; further
details can be found in Supplemental Experimental Procedures.
Supplemental Information
Supplemental Information includes Supplemental Experimental Proce-
dures, six figures, and one table and can be found with this article online
at http://dx.doi.org/10.1016/j.cub.2014.09.032.
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